This research aimed to obtain a C-based coating electrochemically applied on an AA6063 alloy. Two electrochemical cells were designed and manufactured to obtain the C-based coating film on flat and cylindrical samples. Structural and microstructural characterizations were performed along with fatigue and corrosion performance testing. The structural and microstructural characterization revealed that the C-based coating deposited on AA6063 corresponded to carbon nanofibers and/or polycrystalline graphite. The performance testing showed an increase in fatigue life along with a decrease in corrosion resistance. The fracture surfaces of the fatigued samples were inspected by Scanning Electron Microscopy and 3D optical microscopy to correlate them with fatigue life estimation. The aforementioned process is a step towards the future development of a complete coating system that will overcome corrosion susceptibility. The carbon film obtained by this electrochemical route has not previously been reported elsewhere.
Introduction
Fatigue is a phenomenon related to damage accumulation that leads to cracking and failure of structural parts [1] . This phenomenon has been extensively investigated since the XIX century [1, 2] and has led to many catastrophes in human history, some of which involved the loss of human life [2] . Researchers and engineers are still searching for solutions to minimize fatigue failures [20] AISI 430 DMF 20 • C 7 mm 24 h 1200 V 2015 [22] Al6063-T6 CH3COOH (1%) 25 • C Graphite 10 mm 0.5 h to 5 h 2020
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Experimental Details
The substrate material selected for this research was AA6063-T6 alloy, which is used to manufacture structural components in the industries mentioned above. The designed rectangular plate specimens were machined and polished to a 2500 SiC grit grade.
The chemical composition and mechanical properties of the aluminum were previously characterized [31] and are reported in weight percentage: Fe0.27, Mg0.85, Mn0.05, Si0.43, and Al98. 40 .
A DC voltage power source up to 32 V was used to deposit the films. The deposition diameter of the samples was set to 1.9 cm. The electrodeposition experiments were performed with a voltage ranging from 1 to 30 V. The evaluated deposition times were 0.5, 1.5, 2.5, 3.0, and 5.0 h. An electrolyte carbon source concentration of 1% volume of acetic acid was used in this work. The separation between the graphite electrode and the sample surface was 10 mm.
Electrochemical Synthesis of C-based Coatings
The design and manufacture of the electrochemical cells to deposit the C-based films are presented in Figure 1 . Figure 1b shows the cell designed to deposit the films on the flat samples, where the graphite bar was placed at 10 mm up to the substrate and connected to the cathode and the substrate to the anode; Figure 1a shows the cell designed to deposit the films on the fatigue samples, the graphite was placed around the sample keeping 10 mm of separation between the sample and the graphite, the graphite was connected to the cathode and the sample to the anode.
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Electrochemical Synthesis of C-based Coatings
The design and manufacture of the electrochemical cells to deposit the C-based films are presented in Figure 1 . Figure 1b shows the cell designed to deposit the films on the flat samples, where the graphite bar was placed at 10 mm up to the substrate and connected to the cathode and the substrate to the anode; Figure 1a shows the cell designed to deposit the films on the fatigue samples, the graphite was placed around the sample keeping 10 mm of separation between the sample and the graphite, the graphite was connected to the cathode and the sample to the anode. According to Roy et al. [19] , in Equation (1) the methyl groups are transported to the cathode until the aluminum surface is saturated with a high concentration of CH3 + radicals and 2H + ions.
Additionally, 1g of NaHCO3 was added to the electrolyte to increase the evolution of H + >> H2 (see Equation (2)), which raises the conductivity and produces faster deposition rates at low voltages, thus significantly reducing the operation costs by the presence of CH3COONa. It is well known that sodium acetate and acetic acid in a solution act as a buffer to maintain a relatively constant pH level, which helps to stabilize the electrodeposition procedure.
Structural and Microstructural Characterization Procedure
To measure the thickness, a small layer of Kapton tape was pasted on one side of the samples. Roughness was obtained by two different methods, namely Atomic Force Microscopy (AFM) and profilometry. The Raman spectra were measured with a 632.91 nm source. In addition, Scanning According to Roy et al. [19] , in Equation (1) the methyl groups are transported to the cathode until the aluminum surface is saturated with a high concentration of CH 3 + radicals and 2H + ions.
Additionally, 1g of NaHCO 3 was added to the electrolyte to increase the evolution of H + >> H 2 (see Equation (2)), which raises the conductivity and produces faster deposition rates at low voltages, thus significantly reducing the operation costs by the presence of CH 3 COONa. It is well known that sodium acetate and acetic acid in a solution act as a buffer to maintain a relatively constant pH level, which helps to stabilize the electrodeposition procedure.
To measure the thickness, a small layer of Kapton tape was pasted on one side of the samples. Roughness was obtained by two different methods, namely Atomic Force Microscopy (AFM) and profilometry. The Raman spectra were measured with a 632.91 nm source. In addition, Scanning Electron Microscopy (SEM) was used to visually characterize the morphology of the C-based films and the fracture surface of the fatigue samples.
Fatigue Testing Procedure
The circular transversal section for rotating fatigue samples was designed and machined according to the Moore standard for rotating-beam fatigue testing. The geometric parameters, such as testing diameter (D T ), gripping diameter (D G ), radius of curvature (R C ), and sample length (L S ) are described below.
The rotating fatigue testing was carried out following the Moore experimental setup [32] with a constant stress sinusoidal amplitude of 150 MPa at a frequency of 29 Hz. The test was performed at room temperature (approximately 25 • C), the force was controlled by calibrated hanging weights. Additionally, six samples per deposition condition were fatigue tested.
Polarization Resistance Testing Procedure
The polarization resistance evaluation was performed using a DropSens µSTAT 400 potentiostat/ galvanostat. The corrosive solution for the test was 3% NaCl to simulate an aggressive marine environment. An Ag/AgCl electrode was used as a reference electrode and a graphite round bar was used as an auxiliary electrode. One specimen per condition was tested at room temperature. The electrochemical scanning parameters for the potentiodynamic polarization tests were in a range from −1 to 1 V for the open-circuit potential value, at 0.008 V/s scan rate (Srate), with a step potential (Estep) of 0.001 V, at a preconditioned time (tprecond) of 5 s.
Results and Discussion
The aim of this work was to grow diamond-like carbon films using AA6063 alloy as a substrate using an electrochemical route, as reported by several researchers [20, 21] . However, a lower concentration of CH3COOH was used in comparison to other reported works. The following subsections contain the discussion of the results of the structural and microstructural characterization, along with fatigue testing, and the correspondent analysis of the fractured surface of samples.
Structural and Microstructural Characterization Results
As is well known, Raman spectroscopy is one of the most widely used techniques to identify C-based structures due to its nondestructive technical nature. Diamond shows a narrow peak at 1332 cm −1 [33] , while for DLC, in the visible spectra, two peaks have been reported, namely the D and G peaks at 1360 and 1580 cm −1 , respectively. However, it is necessary to deconvolute the spectra to pinpoint the position of the D and G peaks [34, 35] . For disordered graphite, the G peak is located around 1580-1600 cm −1 , and the D peak around 1350 cm −1 . In carbon fibers, the G peak can be located at around 1585 cm −1 for C-C vibrations in graphite; finally, the G peak is located around 1330 cm −1 , which has been related to polycrystalline graphite [36] [37] [38] . Furthermore, the shape of the peak in the spectra of carbon fibers is well differentiated from that of diamond and DLC. The position of the peaks varies when using different testing wave lengths [39, 40] from 325 (UV) to 830nm. In this work, two peaks at 1334 and 1586 cm −1 were found, which corresponds to the D and G peaks, respectively. The I D /I G intensity of 1.4 indicates the existence of some amorphous carbons [41] ; the shape of the peaks is related to the carbon fiber peaks (see Figure 2 ). Using Atomic Force Microscopy (AFM), it was possible to observe grain crystallization growth as the deposition time increased from 0.5 to 5 h (see Figure 3 ). With the profilometer method, roughness was measured along a 1 cm line in three different zones for each of the samples. The results obtained indicate that the roughness increases with deposition time and the thickness varies from 1 µ m up to almost 14 µ m. The thickness was also measured with the profilometer varying from ~4 to 51 µ m. Table 2 shows the different roughnesses and thicknesses for all samples. Using Atomic Force Microscopy (AFM), it was possible to observe grain crystallization growth as the deposition time increased from 0.5 to 5 h (see Figure 3 ). With the profilometer method, roughness was measured along a 1 cm line in three different zones for each of the samples. The results obtained indicate that the roughness increases with deposition time and the thickness varies from 1 µm up to almost 14 µm. The thickness was also measured with the profilometer varying from~4 to 51 µm. Table 2 shows the different roughnesses and thicknesses for all samples. Using Atomic Force Microscopy (AFM), it was possible to observe grain crystallization growth as the deposition time increased from 0.5 to 5 h (see Figure 3 ). With the profilometer method, roughness was measured along a 1 cm line in three different zones for each of the samples. The results obtained indicate that the roughness increases with deposition time and the thickness varies from 1 μm up to almost 14 μm. The thickness was also measured with the profilometer varying from ~4 to 51 μm. Table 2 shows the different roughnesses and thicknesses for all samples. The roughness and thickness increased with deposition time, as expected. Figure 4 displays the microstructural features of the coating grain formation.
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Fatigue Life Results
The experimental fatigue life results were obtained following the Moore experimental setup [32] . The voltage and deposition time of the C-based film clearly affect the fatigue life of the aluminum alloy (see Figure 6 ). In a range between 10 and 20 V, and 1 to 2 h deposition time, fatigue life is maximized. These results are in good agreement with those of several researchers [19, 20] who have previously reported on C-based films obtained by the electrochemical route. They found that better quality coatings are obtained at approximately 15 V. At 15 V and 1.5 h deposition time, fatigue life increases by more than 100% as compared with the uncoated alloy. The 3D surface plot shows the fatigue life estimation of the entire experimental design with parameters from 0.5 to 5 h and 5 to 30 V of deposition. Therefore, better enhancement is achieved in a range between 10 and 20 V and 1 to 2.5 h, which is in agreement with the results of other researchers [19, 20] , as noted above. 
SEM Fracture Surface Characterization
After the samples were fatigue tested, the characterization of the fracture surface was performed. The examined experimental set was subjected to the 15 V constant potential and 0.5 up to 5 h deposition parameters. The fatigued samples can be seen in Figure 7 , where a different surface 
Fatigue Life Results
SEM Fracture Surface Characterization
After the samples were fatigue tested, the characterization of the fracture surface was performed. The examined experimental set was subjected to the 15 V constant potential and 0.5 up to 5 h deposition parameters. The fatigued samples can be seen in Figure 7 , where a different surface tonality can be observed, which indicates that the variations in the roughness and thickness of the coating are a function of the deposition time as ascertained by AFM and profilometer examination. The fracture surface of the fatigued samples was investigated according to the fractured surface diagram depicted in Figure 8 , and the main fracture mechanisms were described and correlated to fatigue life estimation (see Figure 9a -l).
As mentioned above, the analysis of the fractured surfaces revealed (Figure 9a -l) that the samples were subjected to flexion and rotation, as can be correlated to the mechanism diagram [44] below, which is in good agreement with the experimental conditions selected in this research. According to the diagram, the rotation of the samples when subjected to flexion is responsible for the symmetry loss of the stress distribution at the crack tip and produces the surface morphology depicted in Figure 9a -l. The fracture surface of the fatigued samples was investigated according to the fractured surface diagram depicted in Figure 8 , and the main fracture mechanisms were described and correlated to fatigue life estimation (see Figure 9a -l).
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As mentioned above, the analysis of the fractured surfaces revealed (Figure 9a -l) that the samples were subjected to flexion and rotation, as can be correlated to the mechanism diagram [44] below, which is in good agreement with the experimental conditions selected in this research. According to the diagram, the rotation of the samples when subjected to flexion is responsible for the symmetry loss of the stress distribution at the crack tip and produces the surface morphology depicted in Figure 9a -l. After the surface fracture analysis, it seems that the surface morphology of the six samples (see Figure 8 ) is similar and corresponds to the failure mechanism depicted in Figure 9 . Therefore, why does fatigue life vary if both the failure mechanism and the alloy are the same for all samples? It is possible that the C-based coating is responsible for delaying the crack nucleation and propagation at a critical thickness on the AA6063 surface without affecting the general failure mechanism on the alloy. Then, a greater roughness for a deposition time of 1.5 h may increase the concentration stress, affecting the fatigue life. It appears that the critical roughness and thickness is at 1.5 h of the deposition time at 15 V potential.
Polarization Resistance Results
Another important performance evaluation is the corrosion resistance of the alloy, since structural alloys require good mechanical properties obtained without increasing the corrosion susceptibility. Table 4 presents the electrochemical parameters obtained from polarization tests along with the corrosion efficiency (Np). The corrosion potential shifts to a more noble potential as deposition time increases; however, this shift has a negligible effect on the corrosion susceptibility because of the increased coating thickness. In addition, the 5 h deposition time increases the efficiency of the C-based coating but decreases fatigue life to below the level of the uncoated alloy. The 1.5 h deposition time maximizes fatigue life along with a considerable loss of corrosion resistance, but this does not represent a setback, since a complete coating system consists of several different layers that make the coating functional for real applications. Perhaps a polymeric topcoat may be required as the main barrier against a corrosive environment.
According to Falcade et al.
[43], the increase in corrosion efficiency is related to the homogeneity of the film, which forms an effective barrier between the substrate and the corrosive environment. As mentioned above, the analysis of the fractured surfaces revealed (Figure 9a -l) that the samples were subjected to flexion and rotation, as can be correlated to the mechanism diagram [44] below, which is in good agreement with the experimental conditions selected in this research. According to the diagram, the rotation of the samples when subjected to flexion is responsible for the symmetry loss of the stress distribution at the crack tip and produces the surface morphology depicted in Figure 9a -l.
After the surface fracture analysis, it seems that the surface morphology of the six samples (see Figure 8 ) is similar and corresponds to the failure mechanism depicted in Figure 9 . Therefore, why does fatigue life vary if both the failure mechanism and the alloy are the same for all samples? It is possible that the C-based coating is responsible for delaying the crack nucleation and propagation at a critical thickness on the AA6063 surface without affecting the general failure mechanism on the alloy. Then, a greater roughness for a deposition time of 1.5 h may increase the concentration stress, affecting the fatigue life. It appears that the critical roughness and thickness is at 1.5 h of the deposition time at 15 V potential.
Another important performance evaluation is the corrosion resistance of the alloy, since structural alloys require good mechanical properties obtained without increasing the corrosion susceptibility. Table 4 presents the electrochemical parameters obtained from polarization tests along with the corrosion efficiency (N p ). The corrosion potential shifts to a more noble potential as deposition time increases; however, this shift has a negligible effect on the corrosion susceptibility because of the increased coating thickness. In addition, the 5 h deposition time increases the efficiency of the C-based coating but decreases fatigue life to below the level of the uncoated alloy. The 1.5 h deposition time maximizes fatigue life along with a considerable loss of corrosion resistance, but this does not represent a setback, since a complete coating system consists of several different layers that make the coating functional for real applications. Perhaps a polymeric topcoat may be required as the main barrier against a corrosive environment. , the increase in corrosion efficiency is related to the homogeneity of the film, which forms an effective barrier between the substrate and the corrosive environment. Thus, the results obtained for the 5 h deposition time drastically increases the corrosion efficiency, which is in good agreement with the results of Falcade et al. Furthermore, when inspecting the roughness on a nanometric scale (see Table 2 ), the 5 h deposition condition shows the lowest roughness value, which supports the affirmation by Falcade et al. [43] . Therefore, at deposition times below 5 h, the roughness increases, and the valleys formed on the surface of the film can act as sites that facilitate corrosive processes.
It is important to mention that the methodology employed to obtain the polarization resistance (R p ) and the corrosion current density (i corr ) was the Stern and Geary approach [45].
Finally, as mentioned in the discussion of the results above, a lower concentration of CH 3 COOH was used in comparison with other reported works. After the structural and microstructural characterization was performed, it was evident that the obtained film was not the expected DLC. However, the fatigue life of the aluminum alloy was enhanced by 100%. The main contribution of this study is that the obtained film corresponded to crystalline graphite produced by electrochemical synthesis on an aluminum substrate, on flat and cylindrical surfaces, which has not been previously reported. Furthermore, an increase in the alloy fatigue resistance was accomplished as mentioned above.
Conclusions
The main objective of this research was to obtain a DLC coating by an electrochemical route. However, the structural and microstructural results discarded the formation of a DLC coating on the aluminum samples. On the other hand, this work confirmed the formation of polycrystalline graphite, which has not been previously reported for a film obtained by this synthesis route, and which enhances the fatigue life of metals and alloys. Several key conclusions have thus been drawn:
•
The C-based coating obtained by this electrochemical route has not been previously reported in the literature; •
The obtained coating increases fatigue life by up to 100% compared with the uncoated alloy at a critical thickness of 3.9 µm and 20.5 µm for roughness; •
The fracture surface characterization reveals that the failure mechanism is the same for all samples, which indicates that the coating is a retardant of nucleation and propagation of short cracks until a critical thickness and roughness is achieved; after crossing those critical conditions, the experimental evidence suggest that the stress concentration increases due to roughness;
• Corrosion resistance is affected by the proposed C-based coating. Hence, a coating system composed of a C-based layer, primer, and topcoat must be designed and developed to overcome this drawback. 
